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摘要 
 
近年来，随着二维材料受到广泛的关注，六角氮化硼(h-BN)由于其类石墨烯的层状
晶体结构，且拥有独特的特性，如宽禁带(6.0 eV)、高的热稳定性(> 800 ºC)、强机械强度
等，成为新型材料研究的热点。在短波长光电器件、高功率和高频率电子器件的开发和需
求日益提升的过程中，h-BN 薄膜材料研究中也面对了几个关键性、挑战性的难题：其
一，大规模生产的新型光电子器件对所需的二维材料有了更高的要求，强烈需要一个大尺
寸（晶圆尺寸以上）的薄膜合成，特别是在大小有限的反应腔体中合成大尺寸的 h-BN 薄
膜；其二，为了和成熟的半导体工艺和新型纳米材料结合，如何在不同类型的衬底上或者
纳米材料的表面直接生长 h-BN 薄膜；其三，如何利用 h-BN 的单原子层和六方结构特
性，实现在多晶或非晶基板定向引导晶体薄膜或者纳米晶体的生长。针对这三个关键的课
题，我们从材料合成方法和器件制备技术及应用等方面着手，开展了一系列完整的研究工
作，研发了重要的创新技术并发现了有趣科学现象。具体结果包括： 
首先，实现了有限大 LPCVD 腔体中的大卷 h-BN 薄膜的合成。首先，利用 Borazane
作为前驱源，在铜箔上成功的生长出单原子层二维 h-BN 薄膜，通过分析，发现 h-BN 的
成核和接合机制与生长温度和环境气压密切相关。其次，通过对铜箔电化学抛光预处理和
圆柱筒式圈卷技术，实现了晶片级大尺寸单层 h-BN 薄膜的合成，同时成功转移到 2 inch
和 4 inch 的半导体晶圆片上。最后，首次提出了铜箔衬底的发条状无限二维平面圈卷技
术，并设计了一套特殊的石英多齿叉状磁力支撑杆，成功突破了 LPCVD 反应腔体的有限
体积限制。通过将柔性 Cu 箔衬底向内圈卷成无限多层的超大面积衬底，成功实现了 25
英寸以上的超大卷 h-BN 单原子层薄膜的合成，且其均匀性良好、质量稳定。为未来开发
二维新型光电子器件制造和工业化量产，提供新的材料和技术支撑。 
其次，实现了在多样性衬底上的 h-BN 薄膜直接可控生长。通过引入 Ni 过渡层起到
催化和诱导 h-BN 成核生长的作用，在镀有 Ni 过渡层的的 Si 片表面成功实现 h-BN 薄层
生长；更进一步，通过将 Si（100）衬底包裹在 Cu 箔胶囊中的方法，利用胶囊中提供的
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铜蒸汽的催化作用，实现了 Si(100)表面直接无过渡层的三角 h-BN 薄层成核和生长，至此
基于 h-BN 与 Si 相结合的电子器件开发和应用成为可能；此外，尝试了在超细的 Cu 纳米
线表面包裹 h-BN薄膜，我们提出了 CVD 快速包裹技术，通过 Cu 箔胶囊包裹和减少反应
的度和时间方法，在高温下（900~1000 ºC）下保持了 Cu 纳米线不熔化，且同时将 h-BN
（和石墨烯）以 3D 壳层形式，直接包裹在 Cu 纳米线网络表面，形成复合纳米材料。通
过这种技术，h-BN 的优异特性更容易被灵活显现，通过直接裹紧密接触 Cu 纳米线，从
而可以更容易与其他光电器件形成欧姆接触，有新的应用前景。 
其三，提出 h-BN 在 Cu 衬底上作为预导向层，实现了整齐垂直的超长 ZnO 纳米柱阵
列在柔性多晶衬底上的直接生长。基于 hBN/Cu 衬底结构极好的柔韧性，成功长出了垂直
良好的 ZnO纳米线阵列（直径 118nm、长度 15）。在室温下光致发光(PL)光谱给出了关于
氧化锌纳米材料能带结构，峰值在 384 nm。利用超长 ZnO 的强压电特性和铜箔衬底的超
薄和高柔性，以 PMMA/PDMS作为绝缘媒介、Pt/Cu 纳米线网状结构作为电极，成功制备
了超薄高透明的压电纳米发电机薄膜器件。用手指简单的弯曲该设置成功获得 170 mV 的
输出电压，表面该器件可以通过身体运动的机械能转化为电能。未来将应用于生物运动机
械能收集和电能转化。 
其四，利用优化的 MMEE 方法有效改进 AIN 外延层晶体质量，提出大原子半径杂质
的交替共掺技术，实现 AIN 外延层晶格失配的应力的有效释放。利用控制脉冲周期的方
法，促进 Al 原子在衬底上的迁移。我们发现脉冲周期变长，二维生长得到促进，晶粒的
取向性将变好，但晶粒之间接合的应力增大；相对的，连续生长模式，有助于加速三维生
长，降低位错密度，但是晶粒的取向变差。通过配合两种模式的时间比例和周期，提高了
AlN 晶体质量，（0002）和（10-12）峰的半高宽分别为 59 arcsec 和 610 arcsec。此外，Mg
掺杂和 Mg－Si 的δ交替掺杂法可以改善 AlN 晶体品质，由于 Mg 原子半径较大，有助于
减小 AlN 中的残余应力场，降低螺位错密度，同时可有效阻止预反应，促进了 Al 原子在
表面的横向迁移，提高表面平整度，最终，AlN 表面粗糙度降低至 0.47 nm。这种方法也
可以应用于一些其他低表面迁移率或高失配应力的半导体的生长。 
 
关键词： 半导体；h-BN薄膜； ZnO纳米柱；纳米发电机 
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Abstract 
 
In recent years, hexagonal boron nitride (h-BN) has been a very attractive 2D material 
because of its layered crystalline structure like graphene and especially many outstanding 
properties such as wide bandgap (6.0 eV), high thermal stability (> 800 ºC), strong mechanical 
strength and so on. During the recent studies, three most challenging issues have been widely 
concerned for h-BN projects. They are: how to achieve large size synthesis of h-BN film within a 
limited size reaction chamber, how to control the growth of h-BN monolayer on different substrates, 
and how to pre-orientate nanostructured crystal growth on polycrystalline or amorphous 
substrates. To conquer these harsh issues, we have paid many efforts on this work and achieved 
important breakthroughs and outstanding results, as follows:  
Firstly, we have achieved from small to large size as roll-to-roll synthesis of 25-inch 
monolayer h-BN film with a method of winding Cu foil substrates into quasi-3D shapes by 
LPCVD growth. By winding the Cu foil from flat 2D surface into cylindrical and mainspring 
shapes supported with a multi-prong quartz fork, the reactor size limit could be overcome by 
extending the substrate area to a continuously curled 2D plane inward, which actually could be 
infinite. Hence, unlimited size h-BN film can be grown in a 1.2-inch quartz tube. With the aid of 
PMMA protection, the h-BN film was uniformly transferred onto 2” GaN or 4” Si wafer as a 
self-release buffer.  Due to the weak Van de Waals interaction of h-BN layers, complete release 
of misfit strain leads to a stress-free GaN thick epilayer for future applications as free-standing 
wafer.  
Secondly, we successfully synthesized triangular h-BN nanosheets on Ni coated Si and 
on bare Si by LPCVD method. Triangular flakes of h-BN was achieved on Ni coated Si with the 
catalysis by Ni layer. In order to push the growth of hBN directly on Si surface, methods like the 
dead-end tube and Cu capsule were designed for enhancing the decomposition rate of borazane. 
As a result, with the aid of catalysis Cu vapor, triangular h-BN monoalyer flakes were achieved 
directly on Si (100) substrate. Thus, applications of h-BN layers in conjunction with Si based 
electronic devices could now be available. A novel CVD method was proposed for approaching a 
3D coating of h-BN as well as graphene layer directly on interlacing Cu NW networks. For the 
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case of h-BN, we observed that by decreasing time, the temperature of reaction zone for h-BN 
3D coating on Cu NWs can be increased. By this technique, the outstanding properties of 
graphene and h-BN could be more flexibly expressed through the direct coating and tight 
combination with Cu NWs, which can easily form ohmic contact with various optoelectronic 
devices. 
Thirdly, h-BN is used as a pre-orientating buffer layer on metal Cu substrate, to induce 
crystal growth of ZnO NRs. Due to excellent flexibility in h-BN/Cu substrate, vertically well 
aligned ZnO NR arrays have been successfully grown. As grown ZnO NRs has diameter around 
118 nm and the length is 15μm. At room temperature photoluminescence (PL) spectra gives us 
the information about band structure of ZnO nanomaterials and got peak at 384 nm. By using 
PMMA/PDMS as insulating media and Pt/Cu used as electrodes, an ultrathin and highly 
transparent piezoelectric nanogenerator film has been achieved for harvesting mechanical energy 
of body movements. A voltage of 170 mV has been generated by simple finger bending. In this 
way, mechanical energy can be converted into electrical energy by using these types of 
piezoelectric devices. This is evidence for the further approach towards the nanoelectronic 
devices based on ZnO NR arrays. 
Fourthly, the modified pulse growth technique was proposed for the quality improvement 
of AlN epitaxial layer by MOCVD method and the alternative codoping with larger-radius 
impurities was introduced for the misfit strain release. Various pulsed growth methods were 
employed to control the migration of Al atoms on the substrate during the growth periods of 
buffer layer and high-temperature epitaxy. The pulse growth mode and continuous growth mode 
was found closely related with the enhancement of 2D and 3D growth of AlN layer, respectively. 
It was found that the impurity in larger atomic radius could be doped into the AlN lattice to 
minimize the rigidity of AlN epilayer. The alternative codoping of Mg-Si heterostructural layers 
significantly minimized the residual strain as well as the density of threading dislocations. These 
approaches can also be transferred to heteroepitaxial growth of other semiconductors which are 
suffering from the low surface migration and/or high misfit strains. 
 
Key words: semiconductor；hexagonal BN films；The N and P doping；ZnO nanorods；nano 
generator 
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